A patient with epilepsy should "spend the day awake and the night asleep. If this habit be disturbed, it is not so good . . . worse of all when he sleeps neither night nor day." -Hippocrates (1) This review summarizes the data for and against sleep deprivation as a facilitator of epileptic seizures and interictal epileptiform discharges. Much of these data are derived from clinical studies; however, basic science investigations are greatly needed to determine the influence of sleep deprivation on seizure susceptibility and neuronal function. Study of the effects of sleep deprivation on epilepsy may create a window of opportunity that could help decipher how seizures are triggered and facilitated, potentially providing an avenue for future interventions.
Introduction
Sleep is a highly sought-after commodity in our fast-paced society, with sleep loss more potent than alcohol in causing sedation (2) . Sleep deprivation has been associated with a variety of physiologic effects, ranging from impaired appetite suppression (3) to altered learning and memory (4) . Might sleep deprivation also affect seizure control in patients with epilepsy?
A series of articles in the 1960s and 1970s suggested that sleep deprivation was a promoter of epileptic seizures and a facilitator of interictal epileptiform discharges. Forty years later, clinical research studies are critically examining these assumptions. Meanwhile, basic science investigations of the effects of sleep deprivation on memory and neuronal excitability, at both the behavioral and cellular levels, have heightened our interest in the impact of sleep deprivation on hippocampal function. This review presents the evidence for and against sleep deprivation as a trigger for epileptic seizures and interictal activity.
In 1962, Janz (5) reported that in patients with generalized tonic-clonic seizures, sleep deprivation, along with alcohol consumption, was a known precipitant of epileptic seizures, particularly seizures on awakening. Cases from the 1960s and 1970s focused on military personnel. In one series, pilots had their first, single generalized tonic-clonic seizure in the setting of sleep deprivation, work-related stress, missed meals, and in one case, heavy alcohol use (6, 7) . The majority of these individuals had evidence of generalized spike-and-wave activity on EEGs. In another series, soldiers were sleep deprived for prolonged periods (many for >48 hours), and the majority had ingested alcohol the night before their seizures (8) . In a study of "stress convulsions," provoking factors included lack of sleep but also emotional, somatic, and intellectual stress, abuse of alcohol, and abuse of drugs (9) .
Similar results were found in a patient survey in which precipitants that might trigger or exacerbate seizures were cited, although alcohol intake was not noted (10) . Stress, fatigue, and sleep deprivation were commonly reported precipitants-often coexisting in the same individuals. Sleep deprivation was noted as a precipitant in 28% of patients with idiopathic generalized epilepsy and in 27% of patients with temporal lobe epilepsy. A relation was found between relative sleep deprivation and occurrence of temporal lobe seizures in patients who kept written daily diaries of the duration of night sleep and dates of seizures (11) .
Because sleep deprivation rarely occurs in a vacuum but rather in association with physical or emotional stress and substance abuse, it is difficult to tease out the relative contribution of sleep deprivation. In a study of 84 patients with medically refractory partial epilepsy who were undergoing inpatient monitoring, patients were assigned in consecutive blocks to either sleep deprivation every other night or to normal sleep (12) . Seizures per day for complex partial, secondarily generalized, and combined complex partial and secondarily generalized were calculated from admission until end of protocol and did not differ significantly between the sleep-deprived and normal sleep groups. The sleep deprivation and normal sleep subjects did not differ in age, sex, seizure localization, or percentage dosage reduction in antiepileptic drugs from baseline at days 1 to 3 of monitoring. The data suggest that for patients with partial epilepsy, monitored in an inpatient setting relatively free of the stresses of everyday life, sleep deprivation does not affect seizure frequency. This is a group effect, however, and individual patients may be prone to the effects of sleep deprivation on seizure frequency to a greater extent than others. Furthermore, chronic sleep deprivation may worsen seizure frequency. For example, sleep disorders, such as obstructive sleep apnea, may disrupt sleep and lead to chronic sleep loss. In several retrospective and prospective case series, treatment of obstructive sleep apnea has been associated with improvement in seizure control even when medications are not altered (13) (14) (15) (16) .
Interictal Spiking and Sleep Deprivation
In parallel with case series that show that sleep deprivation may activate seizures, EEG studies also have implicated sleep deprivation in the promotion of interictal epileptiform discharges (IEDs) (17, 18) . Ordering an EEG, after sleep deprivation, for suspected seizures has become a widespread but inconsistent practice (19) . As non-rapid eye movement (NREM) sleep is a powerful activator of IEDs (20, 21) , the question has arisen as to whether sleep deprivation facilitates IEDs simply because sleep-deprived patients are more likely to fall asleep during EEG procedures or because the study provides an additional chance to demonstrate IEDs not previously recorded. A critical review of the literature, with emphasis on method, established that sleep deprivation facilitates IEDs, even apart from its effects on sleep (22) . Exactly how sleep deprivation might activate epileptic regions, however, is unclear. Further support for the theory that sleep deprivation activates IEDs came from a study documenting increased occurrence of IEDs during sleep deprivation in patients whose routine EEGs did not show IEDs (23) . Most of the patients had discharges recorded after sleep deprivation, with activation rates not significantly different in wakefulness as compared with sleep. Therefore the majority of evidence supports the hypothesis that sleep deprivation activates IEDs.
Basic Science Investigations of Sleep Deprivation: Does Sleep Deprivation Affect Neuronal Excitability?
How can the effects of sleep deprivation and its presumed lowering of seizure threshold be explained on a neuronal level? The largest body of literature concerning the effects of sleep deprivation on neuronal function pertains to aspects of learning and memory. McDermott et al. (24) recently reported on behavioral and membrane excitability effects of sleep deprivation in hippocampal neurons. They exposed rats to 72 hours of sleep deprivation (primarily rapid-eye-movement or REMdeprived sleep) and documented impaired performance on a hippocampus-dependent spatial learning task but not on an amygdala-dependent task. They also showed that sleep deprivation reduced membrane excitability. After 72 hours of REMsleep deprivation, CA1 pyramidal neurons, but not dentate granule cells, had a lower membrane input resistance and de-creased action potentials in response to depolarizing current. Sleep deprivation also inhibited long-term potentiation in both CA1 pyramidal neurons and dentate granule cells. A strength of this study was that the investigators attempted to differentiate the effects of sleep deprivation from the effects associated with nonspecific stress by using various platforms to promote sleep deprivation or immobilization stress. One cannot generalize findings from this study, whose focus was on learning and memory, to the impact of sleep deprivation on epilepsy. Such a study would require analysis of measures of epileptogenicity in an animal model of epilepsy, although the work of McDermott et al. can provide useful methodological approaches for inducing specific forms of sleep deprivation.
To date, basic science studies of the effects of sleep deprivation on epilepsy have been largely observational-at the level of the organism rather than the neuron. Sleep deprivation increased susceptibility to kindled and penicillin-induced seizure events in cats, during both waking and sleep (25) . In a genetic model of absence epilepsy, rats were deprived of sleep for 12 hours by shaking of their cages whenever EEG-detected sleep occurred. During the first 4 hours of the sleep-deprivation period, an increase in the number of spike-wave discharges was found, whereas in the following hours, epileptic activity returned to baseline values (26) . Limitations of these investigations are that sleep deprivation has not been separated from nonspecific stress. Other investigations focusing on REM sleep have supported the construct that REM sleep and its components (e.g., hippocampal theta rhythm) suppress seizure activity, whereas REM sleep deprivation facilitates seizures (27) (28) (29) . If this construct is correct, then increasing the duration of REM sleep should suppress seizure activity. Seizure susceptibility in rats, as measured by the threshold current required to elicit afterdischarges in the amygdala, has been shown to decrease relative to the duration of carbachol-induced REM sleep (27) .
Effects of Sleep Deprivation on Epilepsy: Future Directions for Research
A growing interest is expressed in research on the effects of sleep deprivation in every aspect of medical care; epilepsy is not an exception. In animal models of epilepsy, methods can be applied to promote sleep deprivation, independent of nonspecific stress, and both the behavioral as well as the cellular aspects can be studied.
Clinical investigations can complement basic science studies in furthering an understanding of how sleep deprivation influences epilepsy. A variety of experimental paradigms can be considered, including assessment of the impact of chronic sleep deprivation on epilepsy resulting from insufficient sleep as well as from common sleep disorders that disrupt sleep, such as obstructive sleep apnea. These investigations may help pinpoint when seizures more commonly occur after sleep deprivation. For example, are post-sleep-deprivation seizures taking place in the day during times of drowsiness (suggesting a sleep-staterelated facilitation of seizures) or during full alertness (suggesting altered neuronal excitability), or are they occurring at night during transitions in and out of sleep (suggesting that sleeprelated transitions promote seizure activity)? Research on how sleep deprivation triggers or facilitates seizure may provide insight into effective clinical interventions.
